Square-lattice bandedge lasers are realized by room-temperature optical pumping of photonic crystal air-bridge slabs of InGaAsP quantum wells emitting at 1.5 m. Lasing modes corresponding to the second bandedges near the X and M points are identified from their spectral positions and polarization directions. A low threshold incident pump power of less than 1 mW is achieved for the laser operating at the second bandedge near the X and M points, with only 15ϫ15 lattice points. The measured characteristics of the bandedge lasers closely agree with the result of calculations based on the plane-wave-expansion method and the finite-difference time-domain method. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1626004͔
The realizations of various optoelectronic devices in two-dimensional ͑2D͒ photonic crystals have previously been studied. Among these devices, photonic crystal lasers have shown particular potential as wavelength-scale coherent sources. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Over the last decade, the characteristics and lasing actions of cavity modes localized by the photonic band gap have been studied by many groups worldwide. [1] [2] [3] [4] [5] The realization of photonic crystal lasers operating at bandedges has also been demonstrated by several groups. [6] [7] [8] [9] [10] Lasers of this type can be understood as 2D representations of distributed feedback lasers. Bandedge lasers with a small refractive index contrast [6] [7] [8] require a large device size ͑Ͼ100ϫ100 m͒ to achieve enough gain for lasing, and exhibit relatively high thresholds. In high index contrast structures, however, lasing can be achieved in a small active area ϳ͑10ϫ10 m͒ due to their reduced threshold gain. [11] [12] [13] Such small bandedge lasers show promise for use in low-threshold and highspeed-modulation devices. Recently, bandedge lasers have been realized in high index-contrast photonic crystal slab structures with a small pump spot diameter ͑3-6 m͒.
9,10
Ryu et al. 9 demonstrated the realization of vertical-emitting ⌫ point bandedge lasers in a triangular lattice free-standing slab at 80 K. Monat et al. 10 reported the realization of inplane-emitting bandedge lasers in InAsP/SiO 2 -based triangular lattice slab structures at room temperature. They also reported the lasing spectra and the threshold behaviors of the devices. However, clear analyses of these lasing modes have not been presented.
In this letter, we investigate photonic bandedge lasers in a square lattice of air holes in free-standing slabs at room temperature. In general, triangular lattice photonic bandedge modes exhibit complicated 2D or one-dimensional ͑1D͒ distributed feedback mechanisms.
14 On the other hand, the square-lattice bandedge modes have a relatively simple 1D feedback mechanism. Therefore, the analyses of squarelattice bandedge modes are expected to be relatively more straightforward than that of triangular-lattice bandedge modes. In this study, we focused on in-plane-emitting bandedge lasers operating near the second X and second M points below the light line of the photonic crystal slab. We identified the lasing modes by measuring the polarization directions and spectral positions, and compare these experimental results with theoretical calculations based on the threedimensional ͑3D͒ plane-wave-expansion ͑PWE͒ method and the 3D finite-difference time-domain ͑FDTD͒ method.
The active material of our bandedge lasers consists of seven pairs of strain-compensated InGaAsP quantum wells with an emission peak at 1.55 m. Square-lattice air holes were patterned on poly͑methylmethacrylate͒ by electronbeam lithography and then perforated through the InP sacrificial layer that lies beneath the InGaAsP quantum wells by Cl 2 -assisted Ar-beam etching techniques. The InP sacrificial layer was then removed using a diluted HCl:H 2 O ͑4:1͒ solution. The thickness of the resulting free-standing slab is 200 nm, which thus only supports the fundamental transverse electric ͑TE͒-like mode. Figure 1͑a͒ shows a scanning electron microscope image of the fabricated bandedge laser structure. In this structure, the number of air holes is 15ϫ15 a͒ Electronic mail: ksunong@kaist.ac.kr and the side length of the samples is about 7.5 m. The radii of the air holes in the fabricated samples range from 0.30a to 0.38a, where a is the lattice constant. One can see the filling factor difference between the center and the border of the photonic crystal in Fig. 1͑a͒ . However, we believe that the influence on the lasing modes is insignificant because the field intensities of the border might be weaker than that of the center region, and the pumping spot for lasing action is placed at the center. The photonic band diagram for TE-like modes can be calculated for such fabricated structures by the 3D PWE method, and is shown for this structure in Fig. 1͑b͒ . In this computation, the air-hole radius and the slab thickness were both assumed to be 0.35a. Light in the gray region above the light lines radiates out of the slab. However, modes in the band structure below the light lines are vertically well confined inside the slab. The bandedge modes indicated by circles in Fig. 1͑b͒ are good candidates for inplane-emitting bandedge lasers because the bands near these points are very flat, which ensures a high density of states and a low group velocity. The fabricated structures were pulse pumped using a 980 nm laser diode at room temperature. The pumping beam was focused with a microscope objective lens ͑numerical aperture ϭ0.85͒ and light emitted from the sample was collected in a charge-coupled device ͑CCD͒ and a monochromator with the same lens. The pump spot diameter was about 4 m. The pulse width was 5 ns and the duty ratio was 0.25%. Samples with various lattice constants and air-hole radii were prepared and tested. Among the bandedge points shown as circles in Fig. 1͑b͒ , the second X ͑X2͒ and second M ͑M2͒ points fall well inside the gain spectrum when the lattice constants of the samples are in the range from 450 to 600 nm. In this study, we focused on samples with lattice constants, a, of 460 nm, 510 nm, and 550 nm.
The near-field images of the X2 and M2 bandedge lasings were captured by a CCD camera, as shown in Figs. 2͑a͒ and 2͑b͒, respectively. Both mode patterns are spread over the patterned region without any characteristic features. It is interesting to note that no boundaries of the photonic crystal patterns are detectable, even though the guided waves should be reflected at the boundaries. This observation is explained by the results of the FDTD computation, which show that the vertical mode profiles in the photonic crystal region match very smoothly with those in the unpatterned slab region, as is shown in Figs. 2͑c͒ and 2͑d͒ .
The variations of the measured normalized frequencies ͑plotted as dots͒ of the bandedge lasers with an air-hole radius for each lattice constant are shown in Figs. 3͑a͒ and 3͑b͒. The observed lasing operations can be classified into X2 bandedge lasing and M2 bandedge lasing. The normalized frequencies of the bandedge positions were also calculated using the PWE method and are represented by the lines in Figs. 3͑a͒ and 3͑b͒ . The calculated frequencies of the X2 and M2 bandedges closely agree with the measured spectral positions of the samples for each lattice constant and airhole radius. However, there are slight discrepancies between the experimental and calculated results because of structural imperfections and errors in the measurement of the lattice constant and the air-hole radius. In addition, the normalized frequencies of the X2 and M2 modes are very close to each other, as shown in Fig. 1͑b͒ . This means that measurement of the lasing wavelengths is not sufficient to identify the lasing mode.
In order to confirm the identifications of the lasing modes, the state of polarization was measured for each bandedge laser. In the case of the X2 mode, since there are two equivalent lasing oscillations along the directions at the angles of 0°(x direction͒ and 90°(y direction͒ to the boundary of the sample, the superposition of these two oscillations forms the bandedge mode. However, these two oscillations will be split into two different bandedge modes if the square symmetry is broken by structural asymmetry. This means that either x-or y-directional bandedge oscillation occurs in real situations, and that y-or x-directional linear polarization will be observed orthogonal to the oscillation direction, as is shown in the inset of Fig. 3͑a͒ . Similar arguments can be applied to the case of the M2 point bandedge laser; a polarization direction of Ϯ45°is observed as shown in the inset of Fig. 3͑b͒ . These polarization measurements were used to confirm the identifications of the lasing modes as the X2 and M2 bandedge lasers for all samples with lattice constants in the range from 400 nm to 600 nm.
To further characterize these bandedge modes, calculations were carried out for finite structures with the 3D FDTD method. The lattice spacing a is discretized to 20 mesh points for 3D FDTD calculations. Figure 4͑a͒ shows the calculated electric-field intensity profile of the X2 bandedge mode oscillating in the y direction, which is selected between two orthogonal lasing oscillations by the symmetry conditions. The transformation of this real-space field pattern into the Fourier space is shown in Fig. 4͑b͒ . One can see that the dominant wave vector components are localized near the upper and bottom X points. Standing wave patterns are formed from the two opposing wave vectors inside the photonic crystal structure; waves propagating out of the structure in the y direction are also observed in Fig. 4͑a͒ . The spreading of the k component is expected to decrease as the realspace photonic crystal size increases, and for an infinite structure will take the form of a delta function located at the X points. Due to the wave vector spreading that occurs in a finite-size structure, the group velocity is nonzero and the fields propagate out of the photonic crystal pattern mainly along the laser oscillating direction. In the case of the propagating waves in Fig. 4͑a͒ , the propagation direction becomes y direction since the wave vectors constructing the mode are placed on the y axis. This propagating field results in the main optical losses of the bandedge mode in a finite-size structure. In addition, the components in the light cone indicated by yellow circle in Fig. 4 , which result from the spreading of wave vector, couple with the radiated modes. 15 The calculated field patterns in Fig. 4 show that x-directional linear polarization is expected, as was indeed observed in the inset of Fig. 3͑a͒ . The diagonal polarization of the M2 bandedge mode shown in the inset of Fig. 3͑b͒ can also be explained in a similar manner by FDTD calculations.
With a pumping spot size of ϳ4 m, the threshold peak pump powers of the X2 and M2 bandedge lasers are ϳ0.67 mW and ϳ0.62 mW, respectively. These low thresholds are comparable to those of defect mode lasers 5, 16 and are much lower than that of the bandedge laser at the first K point of a triangular lattice. 10 In order to interpret these low thresholds, the quality factors (Q) of the bandedge modes were calculated by 3D FDTD. A high Q for a bandedge mode indicates a low optical loss and a high density of states. Quality factors of 1100 and 8700 were obtained for the X2 and M2 points of a square lattice with 15 rows of air holes. In contrast, a calculated quality factor of only 450 was obtained for the first K bandedge of a triangular lattice with a same number of air holes. Therefore, the low thresholds of the X2 and M2 bandedge modes of the square lattice are due to the high Q values at these bandedge points.
In conclusion, we have demonstrated the roomtemperature operation of 2D square-lattice bandedge lasers by using optical pumping of InGaAsP photonic crystal airbridge slabs. The lasing modes at the second X and second M points of the square lattice were confirmed by measurements of the lasing spectra and polarization states, which closely agree with the results of theoretical calculations. The 1D feedback characteristics of the lasing modes can be reproduced by FDTD calculations of the electric-field distribution in real space and in Fourier space. Low threshold pump powers of ϳ0.62 mW and ϳ0.67 mW were achieved for the photonic bandedge lasers operating at the second M and second X bandedge modes, respectively, with only 15ϫ15 lattice points. These small low-threshold bandedge laser devices have great potential for use as light sources in future photonic integrated circuits. 
